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Transgender people experience a deep and persistent sense of incongruence between their gender of identity and the sex attributed to them at birth, with distress lasting for $6 months [1] [2] [3] . Hormone therapy and gender-affirming surgery (GAS) are the main therapeutic strategies for gender transition. Cross-sex hormone therapy (CSHT) suppresses gonadal hormones and secondary sex characteristics of the biological sex while inducing body characteristics of the gender of identity [4] . Although gender transition has been associated with improvement in mental health and other areas of functioning [4] [5] [6] , the full long-term effects of CSHT are still uncertain.
Sex steroids are major determinants of bone homeostasis. In boys, during puberty, testosterone stimulates periosteal apposition, leading to increased bone width and size compared with girls, despite the similar cortical thickness [7] . In turn, estrogen plays a main regulatory role in bone metabolism in both women and men, acting on bone remodeling and keeping it within physiological limits. Estradiol acts on the lifespan of osteoblasts, decreasing apoptosis and increasing the functional capacity of individual osteoblasts. In osteoclasts, estradiol induces apoptosis and decreases cellular differentiation [8] . Estrogen deficiency is associated with an imbalance between bone resorption and bone formation that is linked to osteoblast apoptosis, oxidative stress, and osteoblastic NF-kB (RANKL) activity.
Not much is known about the effects of CSHT on bone mass in transgender individuals [9] . Recent data from transgender men (female to male) and women (male to female) receiving hormone therapy have shown an increase in bone mineral density (BMD) after 12 months of treatment [10] . Another study on long-term testosterone therapy reported larger cortical bone size in trans men compared with natal females [11] . Conversely, trans women receiving estrogen therapy may lose lean mass in association with androgen deprivation, which over time can lead to smaller bones [12] and higher prevalence of low bone mass [13, 14] .
To date, few studies evaluating the impact of CSHT on bone mass have been published, and a definitive conclusion has not been reached. A previous meta-analysis including 13 studies has assessed the relationship between hormone therapy and BMD. The results suggested that BMD was not significantly different in trans men and that lumbar spine BMD was increased in transwomen with CSHT [15] . Since then, however, new evidence has become available. Therefore, the aim of the present systematic review and meta-analysis was to update the available evidence regarding the effect of CSHT on BMD in transgender men and women.
Materials and Methods
This study was performed in accordance with Cochrane Collaboration guidelines and the Preferred Reporting Items for Systematic Reviews and Meta-Analysis [16] .
A. Eligibility Criteria, Search Strategy, and Study Selection
The research question was developed according to the PICOS strategy: the population (P) was defined as transgender individuals; the intervention (I) was defined as CSHT; the comparison group (C) corresponded to natal women and men with no gender incongruence; the outcome (O) was defined as BMD assessed by dual-energy X-ray absorptiometry (DXA); and the study design (S) was defined to include noninterventional case-control, cross-sectional, or cohort studies with $10 participants in each group.
Medline, Cochrane Central Register of Controlled Trials (accessed through Wiley Science), and Embase were searched for studies published until August 2018. We also searched http:// ClinicalTrials.gov to retrieve randomized controlled trials with unpublished results. The following medical subject headings were used in the search: bone AND transsexualism OR "transgender person" OR "person, transgender" OR "persons, transgender" OR "transgender persons" OR "transgender" OR "transgenders" OR "transgendered persons" OR "person, transgendered" OR "persons, transgendered" OR "transgendered person" OR "transsexual persons" OR "person, transsexual" OR "persons, transsexual" OR "transsexual person." There were no year or language restrictions. Studies with children and adolescents ,16 years of age were not included. Previous GAS was not an exclusion criterion.
In case multiple reports of the same study were identified, the most complete report was chosen. If the abstracts did not provide enough information about inclusion and exclusion criteria, the full text was retrieved for evaluation.
Titles and abstracts of all articles retrieved were independently reviewed by two investigators to assess eligibility of the studies for inclusion in the systematic review and metaanalysis (T.M.F. and T.R.S.). The selected articles were read in full for confirmation of eligibility and data extraction. Disagreements were resolved by consensus or by consultation with a third reviewer (P.M.S.). If the required data were not located in the published article, authors were contacted to provide the missing information.
B. Data Extraction and Quality Control Assessment
The following data were extracted from each study: name of first author and study group, publication year, country, study design, number of participants, age, body mass index (BMI), smoking, alcohol consumption, physical activity, serum vitamin D levels, calcium intake, use of calcium and vitamin D supplements, duration of CSHT treatment, previous (GAS), duration of follow-up, bone mineral density, and T-score and Z-score for BMD at various sites and CSHT duration. Exclusion criteria for each study, where available, were also collected. DXA data of the forearm, total femur, femoral neck, and lumbar spine were extracted, as were the type of equipment and manufacturer.
A National Institutes of Health scale (retrieved in September 2018 from www.nhlbi.nih. gov/health-topics/study-quality-assessment-tools) was used to assess the quality of beforeafter (pre-post) and cross-sectional studies included in the meta-analysis. This scale includes items for evaluating potential flaws in the study methods or implementation, covering sources of bias, confounding, study power, the strength of causality in the association between interventions and outcomes, and other factors.
C. Statistical Analysis
Meta-analyses were performed separately for each outcome, with mean differences (MDs) used to evaluate CSHT effects. When SDs were missing, conservative imputations were made with the biggest SD observed in the other studies for the same outcome. Mean differences were pooled via random effects models with the DerSimonian and Laird variance estimator. The results were stratified by study design (cross-sectional or before-after) and follow-up time (12 and $24 months). I 2 statistics and the Cochran Q test were used to assess heterogeneity among studies. All statistical tests were two-tailed, and significance was defined as P , 0.05. Statistical analyses were performed with R version 3.5.0 (R Foundation for Statistical Computing).
Results

A. Study Selection
The primary search identified 10,849 articles. After title and abstract screening and exclusion of duplicates, 25 potentially eligible studies were retrieved for full-text analysis. Of these, 19 were included in the qualitative review ( Fig. 1) and also in the meta-analyses [10] [11] [12] [13] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Three studies presented both cross-sectional and before-after data [13, 21, 29] ; one of them was considered in the meta-analyses of both designs [13] . The other two were included only in before-after analyses, because participants were not using CSHT at the baseline evaluation [21, 29] . Therefore, six cross-sectional studies analyzing the use of hormone therapy in transgender individuals vs controls [11] [12] [13] [17] [18] [19] and 14 studies evaluating BMD in transgender individuals before and after CSHT [10, 13, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] were meta-analyzed. Table 1 summarizes the characteristics of the six cross-sectional studies, and Table 2 describes the 14 before-after CSHT studies.
B. Description of the Studies
All 19 studies included trans men receiving CSHT from 12 months to 18 years or trans women receiving CSHT from 12 months to 16 years. Eight studies had a control group [11] [12] [13] [17] [18] [19] [20] [21] , corresponding to natal men for comparisons with trans women and natal women for comparisons with trans men. Before-after studies were assigned good [10, 21, 27] and fair [13, 20, [22] [23] [24] [25] [26] [28] [29] [30] [31] National Institutes of Health quality assessment scores, whereas all crosssectional studies were scored as fair [11, 12, [17] [18] [19] .
Hormone dosages and formulations are described in Tables 1 and 2 , stratified by the identity gender. In studies with trans women, the most common CSHT was cyproterone acetate with oral estradiol (valerate, conjugated equine estrogen, or ethinylestradiol) or transdermal estradiol in both cross-sectional studies [12, 13, 17, 19] (Table 1) and before-after studies [10, [21] [22] [23] [24] [25] [26] 30] (Table 2) . Two studies used oral and parenteral contraceptives as well as oral estrogens [17, 19] . Another two studies used spironolactone as antiandrogen therapy added to estrogens [13, 25] , and four studies used GnRH analogs associated with estrogen therapy [22, 23, 26, 30] . Cross-sectional [11, 18] (Table 1) and before-after studies [10, 20, 24, 25, [27] [28] [29] 31] (Table 2 ) with trans men used parenteral testosterone esters or testosterone undecanoate. Three studies also included patients using transdermal testosterone [11, 10, 31] , and one study included patients with oral testosterone [25] . Six studies included transgender women [12, 13, 24] or men [11, 18, 24, 28] who had previously undergone GAS. Most before-after studies evaluated exclusively transgender women [10, 21-26, 29, 30] or men [10, 20, 24, 25, 27, 29, 31] without previous CSHT. Other exclusion criteria reported in several studies were use of glucocorticoids or bisphosphonates, renal or hepatic disease, alcohol abuse, bone diseases, or severe comorbidities. DXA assessments were performed with equipment manufactured by Hologic, Norland, or GE medical systems.
Additional clinical data, such as calcium intake, serum vitamin D levels, calcium and vitamin D supplements, smoking habit, alcohol consumption, and physical activity, were reported in some studies (Tables 3 and 4 ). The reported rate of alcohol consumption varied from 4.6% to 75% depending on the criteria used: .7 drinks per week [10] or casual consumption [26] . In four studies, alcohol abuse was an exclusion criterion [11, 17, 18, 29] , and one study adjusted the results for alcohol consumption [10] . Smoking prevalence varied from 12% [11] to 77% [31] and was .50% in four studies [24, 26, 28, 31] . Two studies made adjustments in BMD data for cigarette smoking [10, 12] . Calcium intake was reported in only three cross-sectional studies [12, 17, 19] , and areal BMD was adjusted for calcium intake in one study [12] . Vitamin D levels varied from 11.5 ng/mL [31] to 38.5 ng/mL [18] in trans men, and from 16 [21] to 23 ng/mL [12] in trans women. Only one study adjusted bone mass for vitamin D status in trans women [21] . Regarding physical activity, different criteria were used in trans men and trans women. Among those using Baecke's questionnaire, the scores ranged from 2.68 [12] to 8.9 [20] . Some studies presented BMD results already adjusted for weight or height [11, 17, 19, 20] .
C. Data Synthesis and Meta-Analyses
A total of 812 trans women and 487 trans men were evaluated in the cross-sectional and before-after studies. Data were analyzed regardless of the dosage or route of hormone therapy, because this information was not provided in most studies. Meta-analysis of T-score and Z-score for BMD considering the various sites and CSHT durations was not possible, because for each site the scores were presented in only one study [11-13, 17, 19, 23, 27] . No study reported data on osteoporotic fractures.
Sixteen studies were performed in European countries. The only study from the United States included 15 trans men [28] . Two studies from Asia and Latin America included 28 and 142 trans women, respectively [13, 19] .
D. Transgender Women
In trans women, the follow-up time in before-after studies ranged from 12 to 45.5 months. In cross-sectional studies, CSHT time varied from 5 to 16 years. In at least two studies, mean age was .40 years [12, 17] . In two studies, mean BMI was slightly higher than 25 kg/m 2 (25.3 kg/m 2 and 26.0 kg/m 2 ) [13, 17] . Figure 2 presents the meta-analysis of BMD changes at different sites in transgender women receiving CSHT of various durations vs natal men (cross-sectional studies). BMD was not significantly different at the femoral neck (MD 5 0.02; 95% CI, -0.12 to 0.16; P 5 0.753), total femur (MD 5 -0.08; 95% CI, -0.23 to 0.06; P 5 0.258), or lumbar spine (MD 5 -0.01; 95% CI, -0.13 to 0.10; P 5 0.806) with $24 months of CSHT. Each analysis included three or four studies, with high between-study heterogeneity (I 2 5 95% to 97%). In two of these studies, high dosages of estrogen or contraceptive pills (up to 4 tablets per day) were used [17, 19] . In the other two, around one-third [13] or all participants [12] had previously undergone GAS procedures. Regarding before-after studies (Fig. 3) , BMD values were not significantly different in the total femur after 12 (MD 5 0.01; 95% CI, -0.01 to 0.03; P 5 0.465) and $24 months (MD 5 0.00; 95% CI, -0.04 to 0.04; P 5 0.950), or in the femoral neck after 12 (MD 5 0.01; 95% CI, 0.00 to 0.03; P 5 0.121) and $24 months of CSHT (MD 5 0.01; 95% CI, 20.01 to 0.04; P 5 0.315), with no heterogeneity between studies (I 2 5 0% for all analyses). In turn, meta-analysis of lumbar spine BMD showed slightly positive mean differences at 12 months (MD 5 0.04; 95% CI, 0.02 to 0.06; P 5 0.0001; I 2 5 0%) and $24 months (MD 5 0.04; 95% CI, 0.00 to 0.07; P 5 0.036; I 2 519%) of hormone therapy (Fig. 3 ).
E. Transgender Men
In cross-sectional studies with trans men, age ranged from 37 to 47 years, and duration of CSHT ranged from 9.9 to 18 years. Compared with cross-sectional studies, participants of before-after studies were younger (24 to 37 years) and had shorter time of CSHT use (12 to 38 months). Mean BMI was normal in most studies, with the highest being 25.67 kg/m 2 [18] . Meta-analysis of cross-sectional studies with trans men (Fig. 4) receiving CSHT for $24 months showed that BMD was not significantly different compared with natal women at the femoral neck (MD 5 0.05; 95% CI, -0.09 to 0.20; P 5 0.468) or lumbar spine (MD 5 -0.02; 95% CI, -0.06 to 0.03; P 5 0.460). Only two studies were included in these analyses, with 85 trans men and 85 controls. High (I 2 5 95%, femoral neck BMD) and low (I 2 5 19%, lumbar spine BMD) heterogeneity was found between these studies (Fig. 4) . The meta-analysis of before-after studies (Fig. 5) shows that femoral neck BMD did not differ significantly in trans men before or during androgen treatment of 12 (MD 5 -0.00; 95% CI, -0.02 to 0.02; P 5 0.952) or $24 months (MD 5 0.03; 95% CI, -0.02 to 0.07; P 5 0.226). Similar results were found at the total femur after 12 months of CSHT (MD 5 0.01; 95% CI, -0.01 to 0.03; P 5 0.342), and at the lumbar spine after 12 (MD 5 -0.01; 95% CI, 20.01 to 0.02; P 5 0.378) or $24 months (MD 5 -0.01; 95% CI, -0.05 to 0.04; P 5 0.759), with no heterogeneity between the studies at $24 or 12 months.
A sensitivity analysis excluding before-after studies with transgender women [12, 13, 17, 19] and men [11, 18, 28] having previous CSHT did not change the results obtained (data not shown). 
Discussion
In this meta-analysis including 19 cross-sectional and before-after studies, with a total of 487 trans men and 812 trans women, hormone therapy had a neutral effect on BMD at all sites evaluated, except for the lumbar spine of trans women, where a modest but significant increase in bone mass was detected. Even though all the studies considered were observational, including mostly small samples, the evidence from this meta-analysis indicates that BMD is preserved in transgender people during CSHT.
Until now, only one meta-analysis of the effects of CSHT on BMD in transgender people has been published [15] . That search was conducted for a period ending in April 2015; 13 studies were selected, with 392 trans women aged 14.9 to 43 years and 247 trans men aged 15 to 33.1 years. The authors concluded that hormone therapy did not appear to be associated with significant changes in BMD in trans men, whereas in trans women an increase in BMD was observed in the lumbar spine. Fracture data were not reported. Since then, new articles have been published [10, 13, 18, 26] , some of them with larger samples and longer follow-up periods, which were included in the present updated meta-analysis.
Estrogen is considered to be a principal regulator of skeletal homeostasis in both men and women. It is involved in the synthesis of various cytokines and growth factors, with direct effects on osteocytes and osteoblasts and suppressive action on the activation of osteoclasts either directly or via osteoblasts and T-cells. Based on in vitro studies, several genes have been proposed over the years as possible targets of the antiresorptive effect of estrogens on bone. Indeed, gene transcription of many cytokines, such as IL-1b, IL-6, IL-7, tumor necrosis factor, macrophage colony-stimulating factor, RANKL, osteoprotegerin, T and B lymphocytes, macrophages, and dendritic cells, may be regulated by estrogen binding to its receptor [8, 32] . The available evidence also indicates that the estrogen receptor in bone cells plays a critical role in the accrual of cortical bone mainly by inducing the periosteal expansion and endosteal perimeter [32] . Although our meta-analysis of cross-sectional studies indicated that CSHT does not affect BMD, most studies had a small sample, with large variation in mean age (24.1 to 43.0 years). In addition, analysis of the influence of factors that could affect BMD, such as physical activity and vitamin D status, was limited by the lack of this information in many studies or because definition criteria for these factors were different between studies. All these limitations are reflected in the results of the cross-sectional studies, which presented high heterogeneity and low strength of evidence. Indeed, the two studies reporting an unfavorable impact of estrogen therapy on BMD in trans women did not describe exclusion criteria and may therefore have included subjects with health impairments [12, 13] . In turn, the studies with favorable results regarding estrogen therapy used high dosages in formulations such as oral and injectable contraceptives [17, 19] .
Interestingly, some observational studies found a higher prevalence of low bone mass in trans women. Although some of these studies did not present BMD values and were not included in the present meta-analyses, they reported a prevalence of osteoporosis of about 25% in trans women with long-term CSHT [14, 33] . More recently, the results of another study by our group [13] were in line with these earlier studies, showing a prevalence of 18.3% of low bone mass in trans women after long-term CSHT, whereas no cases were observed in male or female controls [13] . Also, Lapauw et al. [12] found a prevalence of 35% of low bone mass after a mean of 96 months of estrogen therapy. The studies reporting osteoporosis or low bone mass prevalence .25% included trans women with previous GAS followed for 5 [12, 14] to 6.3 years [33] after the procedure. In our experience, hormone therapy is sometimes irregular, involving poor adherence, which may affect BMD, especially after GAS.
It should be noted that studies evaluating bone mass status in trans women used male reference values in DXA analysis, because all subjects experienced normal pubertal development, with the usual effects on bone size and geometry. This may have influenced the results of studies, overestimating the prevalence of low bone mass in transgender women. In addition, some studies used GnRH analogs associated with CSHT to suppress endogenous hormones [22, 23, 26, 30] ; however, the results reported in these studies were similar to those obtained with other CSHT protocols. In this sense, research with trans women and longer follow-ups, with standardized estrogen therapy and larger samples, is needed to obtain more robust evidence on the impact of CSHT on bone mass in the long term.
Regarding the effects of CSHT in trans men, the present results show that testosterone therapy does not affect bone mass, with preservation of BMD #3 years after the start of CSHT in before-after studies and after 9.9 to 18 years of testosterone treatment in cross-sectional studies. In the case of these latter studies, it is important to highlight that only two could be included in the meta-analysis [11, 18] . Furthermore, there was high heterogeneity between these two studies, which also differed regarding femoral neck BMD. In this sense, whereas Broulik et al. [18] found higher BMD at the femoral neck and similar lumbar spine BMD in transgender men compared with female controls, Van Caenegem et al. [11] reported no significant differences in BMD in the femoral neck or lumbar spine. Thus, if analyzed individually, both studies show preservation of BMD. These data seem to reflect the anabolic effect of testosterone, which acts directly on androgen receptors or indirectly through aromatization to estradiol. In fact, despite testosterone being the predominant sex steroid in natal men, bioavailable estradiol levels are better correlated with male BMD than testosterone [34] . In a study comparing the addition of an aromatase (letrozole) or 5a-reductase (dutasteride) inhibitor to testosterone therapy, Meriggiola et al. [35] have shown that bone mass was significantly affected by the inhibition of aromatization, whereas the 5a reductase group produced results that were similar to those of testosterone therapy alone. That study was not included in the present meta-analysis because of the small sample size in each group (n 5 5). In addition, recently published data [10] showed a larger increase in BMD in trans men at postmenopausal age compared with other age groups, possibly because estradiol levels were low at baseline and increased with testosterone aromatization.
Animal studies have also helped elucidate the role played by testosterone in bone health. In male mice, estrogen receptor deletion in osteoblasts causes a delay in cortical bone mass accrual during puberty. However, in contrast to female mice, this effect is transient; a few months later, male mice develop normal bone mass, suggesting that androgen action via androgen receptor has a compensatory effect. Interestingly, androgen receptor deletion in osteoblasts and osteocytes has no effect on cortical bone, suggesting an indirect action of androgens. Androgens may also exert anabolic actions via paracrine mechanisms by acting on muscle fibroblasts [32, 36] . In fact, muscle mass is one of the main triggers of periosteal apposition, leading to larger periosteal circumference [37] . It is important to keep in mind that DXA does not provide information on bone volume and that men have larger bones than women, which gives them greater resistance even with similar densities. Volume changes associated with the treatment would not be detected by DXA. However, the use of peripheral quantitative computed tomography, a technique that allows assessment of bone size, has shown increased volumetric BMD in transgender men [11, 20] , with larger endosteal and periosteal bone circumference [11] after androgen therapy. Also, in animal models, estrogens stimulate, rather than inhibit, periosteal apposition. Low estrogen concentrations may decrease the mechanostat set point, which could indirectly increase bone sensitivity to androgens [32] . In transgender men treated with testosterone, studies show an increase in lean body mass [11, 20, 27, 31, 38] and strength [11, 20] , which in turn may be associated with bone mass maintenance. These data may, at least in part, provide a mechanistic basis for the evidence generated by this meta-analysis regarding the impact of CSHT on preserving bone mass in transgender men.
In our meta-analysis, most studies evaluated eutrophic or overweight people. However, none had a mean BMI consistent with obesity, which prevented an analysis of the influence of obesity on bone density in trans people. The excess of adipose tissue has been traditionally considered a protector against fractures, because obesity is associated with higher BMD and the soft tissue padding has a protective effect against fall injuries [39] . Nevertheless, obesity seems to affect bone health through different mechanisms, such as changes in boneregulating hormones such as leptin and adiponectin [40] , increased oxidative stress, and compromised bone quality, possibly leading to structural bone damage and increased risk of fracture [41, 42] . In addition, the influence of high BMI on fracture risk varies according to skeletal site and is partially independent from BMD [41, 43] .
Regarding limitations, the current study only included observational studies, most of which had small samples, with differences in participant age and CSHT duration. Also, CSHT protocols were not uniform and used different hormone types, dosages, and routes of administration. Some studies included people using CSHT associated with GnRH agonists and various hormonal antagonists. Additional limitations are related to bone geometry assessment. Because DXA results are areal, volumetric changes cannot be detected, and BMD data were collected with different equipment, so data are not comparable between studies and were not adjusted for variables known to affect bone tissue, such as vitamin D levels and physical activity. However, until long-term fracture and follow-up data from wellcontrolled longitudinal trials on bone health in transgender populations become available, these studies are the best available evidence on the impact of CSHT on bone mass.
In conclusion, long-term CSHT had a neutral effect on BMD in transgender men. In transgender women, no changes in femoral BMD were found, and an increase in lumbar spine BMD was observed after 12 and $24 months of CSHT. Even though all the studies considered were observational, including mostly small samples and diverse hormone protocols, the evidence from the present meta-analyses indicates that BMD is preserved in transgender individuals during CSHT.
